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THE BEST PLACES TO WORK in the Federal Government®
NASA rated #1 Large Agency five years running!































Research Test Pilot (1955-1962)
Command Pilot of Gemini 8 (1966) 
Commander of Apollo 11 (1969)
Neil A. Armstrong Flight Research Center
Mystery creates wonder and wonder is the 
basis of man’s desire to understand.
– Neil A. Armstrong
Advancing Technology 
and Science Through Flight
Armstrong	Mission
1 Perform flight research and 
technology integration to 
revolutionize aviation and 
pioneer aerospace technology
2 Validate space exploration 
concepts
3 Conduct airborne remote 
sensing and science 
observations

















































NASA is With You When You Fly
Aeronautics
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What Led to This Strategic Direction?
Six	Aeronautics	Research	Strategic	Thrusts
15
1. Safe, Efficient Growth in Global Operations
The World Wants to Travel More …
While Being Fuel Efficient and Reducing Environmental Impacts …
And Taking Advantage of the New Technologies
3. Ultra-Efficient Commercial Vehicles
5. Real-Time System-Wide Safety Assurance
2. Innovation in Commercial Supersonic Aircraft
4. Transition to Low-Carbon Propulsion
6. Assured Autonomy for Aviation Transformation
Automated Cooperative Trajectories
FOR A MORE EFFICIENT AND RESPONSIVE
AIR TRANSPORTATION SYSTEM
C U R T H A N S O N
N A S A  A R M S T R O N G F L I G H T R E S E A R C H C E N T E R




The NASA Automated Cooperative Trajectories (ACT) project is advancing 
ADS-B enabled autopilot capabilities to improve airspace throughput and 
vehicle efficiency.
1NATO ET-145 Formation Flying for Improved Efficiency
October 12-16, 2015
• Meta-Aircraft Operations for safe, reduced separation 
and decreased air traffic control workload
• Formation Wake Surfing for fuel savings
The ACT project is run out of the NASA Armstrong 
Flight Research Center in Edwards, CA
• NASA’s Transformative Tools and Technologies (T3) and 
Flight Demonstrations and Concepts (FDC) Projects
*Pahle, J., et al. , “An Initial Flight Investigation of Formation Flight for 
Drag Reduction on the C-17 Aircraft,” AIAA 2012-4802
• ACT is a small project (1-3 researchers) that started 
following C-17 CAPFIRE flight experiment* in June 2010
• Next Milestone: 2016 Dual G-III Flight Experiment
Meta-Aircraft Concept
NASA Armstrong Contributions
to Formation Flying for Improved Efficiency














256 sq. mile search zone
4
1. Initial propulsion charge = 
12 minutes
2. All planes locate thermals 
within 10 minutes
3. Max altitude > 7,000 ft
4. End task due to low altitude
5. Min altitude = 1,600 ft after 
80 minutes















































Update from Spring 2015
Advocacy and Collaboration
Apr. 8-9: Spring WakeNet USA Meetings, Chicago, USA
Apr. 20-24: Spring NATO Meetings, Rzeszow, POL
Apr. 28: Convergent Aeronautics Solutions (CAS) Proposal Briefing, NASA HQ, Washington DC, USA
Jun. 3-4: RTCA Global Aviation Symposium, Washington DC, USA
Jun. 10: USAF AMC, Scott AFB, Belleville, USA
Oct. 12-16: Fall NATO Meetings, Prague, CZE
Nov. 10-11: Fall WakeNet USA Meetings, Hampton, USA
Technical Status Updates
1. ADS-B Enabled Autopilot Hardware-in-the-Loop Simulation
2. Throttle and Wake Display Piloted Simulation Evaluation
3. G-III Wake Encounter Structural Analysis
4. Flight Test Planning for ‘16 Flight Research Campaign
3NATO ET-145 Formation Flying for Improved Efficiency
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Automated Cooperative Trajectories
2016 G-III Flight Test - Motivation
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Wake surfing for fuel efficiency has been demonstrated in flight.
2010, NASA-USAF C-17 CAPFIRE
• 1st Demonstration of Extended Formation Flight
• Primarily Manual Control
• 7-8% Fuel Flow Reduction
2012, DARPA-USAF-Boeing C-17 $AVE
• 1st Fully Automatic Demonstration
• Prototype to a Production System
• 10% Fuel Flow Reduction
1995, German Institute for Fluid Mechanics
• 1st In-Flight Demonstration of the Technique
• Peak-Seeking Lateral Control
• 10% Power Reduction
2001, NASA Autonomous Formation Flight
• Independent Confirmation of German Results
• Vortex Mapping
• Manual Control Only
• 14% Fuel Savings
Commercial cargo and passenger operators remain skeptical that these fuel 
savings can be safely and affordably achieved with civilian airframes and 
avionics, without aircrew and passenger discomfort.
Automated Cooperative Trajectories
2016 G-III Flight Test - Objectives
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1. Data-Driven Characterization of the Benefits and Impacts to Commercial Transports
A. Mature wake surfing performance modeling for commercial transport airframes
B. Assess passenger ride quality for commercial transport wake surfing
C. Advance understanding of the effects of commercial transport wake surfing on engines and actuators
2. Suitability Assessment of ADS-B for Cooperative Autonomy
A. Evaluate a meta-aircraft system architecture based on commercial off-the-shelf civilian data-link 
technology and autopilot systems.
B. Characterize the 1090 MHz ADS-B data link for cooperative trajectory procedures.
C. Characterize the 1090 MHz ADS-B data link for wake surfing applications.
3. Tools and Methods to Support Wake Surfing Technology
A. Evaluate relative navigation, guidance, and control strategies for wake surfing applications.
B. Gather pilot comments on wake displays.
Automated Cooperative Trajectories
2016 G-III Flight Test - Approach
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NASA G-III UAVSAR Aircraft
with Automated Cooperative Trajectory Systems
NASA ADS-B Enabled 
Autopilot Interface Computer
Aileron and Rudder 
Actuator Displacement










• NASA G-III Lead Aircraft
• Flight Outside Wake Influence
• ADS-B Characterization
• ADS-B Enabled Autopilot 
Evaluation
• Phase 3
• NASA G-III Lead Aircraft
• Wake Vortex Penetration
• Performance Measurements
• Passenger Ride Quality
• Engine / Actuator Impacts
7Automated Cooperative Trajectories
ADS-B Hardware-in-the-Loop Simulation
NATO ET-145 Formation Flying for Improved Efficiency
October 12-16, 2015
The Autopilot Interface Computer (AIC) provides a programmable 
ADS-B enabled autopilot capability for the G-III test aircraft. 
Inputs
• ADS-B In Messages from the Lead Airplane
• Local Aircraft Data
• Researcher Trajectory Commands
• Researcher-Selectable GNC Gains
Outputs
• Analog ILS Localizer and Glideslope Commands
• Pilot Throttle Cues and Wake Display Data
Automated Cooperative Trajectories
Throttle and Wake Display Pilot Evaluation
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The NASA G-III does not have an autothrottle, so the AIC will give 
the pilot throttle cues via a tablet display mounted on the yoke.
For situational awareness, a wake display will also be included on 
the tablet for flight evaluation.
Aggressive throttle motion caused 
by a combination of errors in ADS-B 
message handling (since fixed) and 
high gains in the throttle cueing 
logic.
Excessive engine cycling will 
degrade fuel savings from wake 
surfing. Throttle commands also 
cause pitch transients.
Automated Cooperative Trajectories
Throttle and Wake Display Pilot Evaluation
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ILS Style Design Chase View – Auto-Scale Chase View – Fixed Scale
Piloted Simulation Evaluation
• Four NASA Test Pilots
• Three G-III Test Pilots
• One Pilot with C-17 FFS 
Experience and NASA F-18 
AFF Experience
• One NASA Engineer
• Civilian Pilot
• Designed the Pilot Displays 
for the G-III UAVSAR
• Initial Feedback
• Pilots generally found the 
displays useful
• No concensus on the best 
design out of the three
• Pilots requested rate cues 
during formation join-up
• None of the pilots wanted 
uncertainty information on 
the wake position estimate –
interesting to see if this 
holds during flight tests.
The project designed three wake displays and asked NASA 
test pilots to evaluate them in the G-III piloted simulation.
The G-III airframe was analyzed for vortex impingement 
at multiple locations. Critical points are the winglets
and the intersection of the vertical and horizontal tail.
Automated Cooperative Trajectories
G-III Wake Encounter Structural Analysis
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Predicted loads are within NASA safety margins for testing 
without instrumentation and active loads monitoring.
• Medium lead aircraft weights
• One nautical mile in trail
• Altitudes at 30,000 feet and above




































• Proof of concept
• No data link






German  Institute for 
Fluid Mechanics








DARPA / AFRL / 
Boeing
G-III
Partnership between NASA AFRC, ARC, GRC, and LaRC
(proposed)
Close Formation Flight Research Extended Formation Flight Research
20
01
• Research data link and autopilot
• 14% fuel savings (manual)
• Validated system requirements




• No data link or autopilot
• 9% fuel savings (2-ship)




• Proof of extended 
formation concept
• Production military data 
link and autopilot






• Modified C-17 autopilot
• Production military data link
• 10% fuel savings (autopilot)
• Wake avoidance algorithms
Path To Commercially-Viable Automated Meta-Aircraft Operations
• Airspace simulation study
• Hardware-in-the-loop multi-vehicle 
simulation
• Flight research
Flight Data: Performance and Ride Quality
Suitability of ADS-B for Wake Surfing
Operational Demonstration with Industry Partners
(to be determined)
• Commercial Data Link (1090 MHz ADS-B In and Out)
• Meta-Aircraft functionality integrated with commercial avionics
• FAA participation (in the US NAS)
• Pilot / ATC displays and procedures
• Demonstrate scheduling / routing tools
• Commercial transport class aircraft











Wake Estimation and Avoidance, Performance Optimization




















Two NASA aircraft in close 
formation flight (2001)
C-17s	in	Formation	Flight	

















Why Aren’t Cooperative 






























































































































































San Francisco à Chicagoà New York Corridor
54
